Previously, Doppler ultrasound imaging has been proposed as a method for measuring CSF flow rates in hydrocephalus shunts with and without added contrast agents. 17, 22 Researchers developed an imaging system that could detect lower flow rates than previously measured using Doppler alone by generating microbubbles in the shunt using low frequency ultrasound. The velocity of the bubbles was then measured by Doppler ultrasound using a single element transducer. Doppler ultrasound, however, has limited sensitivity to low flow rates, which have peak velocities below a few millimeters per second.
In this article, we discuss the utility of contrast-enhanced ultrasound as a safe, minimally invasive, nonionizing, reliable, and cost-effective method for quantitative measurement of CSF flow. We investigated a method based on contrast-enhanced ultrasound imaging with a linear array transducer and a 2D speckle-tracking algorithm to quantitatively measure CSF flow in a shunt system. This method is sensitive to very low flow rates, simple to implement, cost-effective, and could be performed in outpatient settings using widely available clinical ultrasound systems. To assess CSF flow, microbubbles are injected into the shunt system and then imaged using an array transducer. Injection of the microbubbles into the shunt reservoir carries little to no risk of infection if performed following the same conditions and procedures as a shunt tap. 24 Motion estimation (e.g., 2D cross-correlation speckle tracking) is performed using a sequence of ultrasound frames, and flow velocity distribution in the shunt is determined from the measured displacement vectors. Here we conducted a study to establish the feasibility of quantitative measurement of flow using contrast-enhanced ultrasound.
methods
A Medtronic ventricular shunt catheter was placed in the flow-mimicking setup shown in Fig. 1 upper. A syringe infusion pump was used to flow a dilute solution of ultrasound contrast agent through the shunt catheter. Ultrasound images were collected using the Vevo2100 ultrasound imaging system (VisualSonics Inc.). The images were then saved for offline processing. Specifically, a 2D cross-correlation algorithm was used to determine displacement and thus a 2D flow velocity profile in the shunt catheter. Subsequently, the 2D velocity profile was used to calculate flow rate, assuming laminar flow in the catheter. The width of the ultrasound beam, comparable in size to the inner diameter of the catheter, produced a predictable underestimation of the flow rate. Therefore, the flow rates calculated from the velocity profile were adjusted by a predetermined correction factor. Further details of imaging experiments, flow rate measurements, and algorithms are described below.
experimental setup
The flow simulation setup is shown in Fig. 1 upper. A Medtronic shunt catheter with an inner diameter of 1.2 mm and outer diameter of 2.4 mm was suspended in a container filled with degassed water. The bottom of the container was lined with 6.5-mm-thick acoustic foam to reduce acoustic reflections. The catheter was placed parallel to the x-axis of the imaging plane at the geometric focus of the transducer on the z-axis (axes shown in Fig. 2 ). Positioning in the y-axis was achieved by adjusting the position of the transducer relative to the catheter using a manual motion stage. A 5-ml syringe with a diluted microbubble solution was placed in a syringe infusion pump (Fusion 400, Chemyx). Micromarker nontargeted contrast agent (VisualSonics Inc.) was reconstituted with 0.7 ml of saline solution and diluted to 0.01% of the original concentration with deionized water (approximately 2 × 10 5 microbubbles/ ml). The microbubbles were lipid-coated, contained a gas mixture of nitrogen and perfluorobutane, and had a median diameter between 2.3 and 2.9 mm. The same microbubble solution was used for the duration of the experiment (approximately 2 hours); however, the syringe did need to be shaken occasionally to redistribute the microbubbles. The syringe pump was programmed for 0.00 (off or no flow), 0.01, 0.02, 0.05, and 0.10 ml/min to mimic physiological CSF flow rates.
14 Figure 1 lower presents B-mode ultrasound images of the shunt before and after bubble introduction. The images were obtained using a 15-MHz ultrasound transducer (MS200, VisualSonics Inc.). To evaluate contrast-enhanced ultrasound flow rate measurement in an ex vivo model, a proximal shunt catheter was inserted subcutaneously in a skin-on pork-belly tissue sample. For this experiment, the same setup shown in Fig. 1 upper was used, except that a shunt valve (PS Medical CSF-Flow Control Valve, Medtronic) was connected between the syringe and the catheter. The tissue sample was positioned under the transducer, following the same procedure as the catheter in water study mentioned previously. The microbubbles were delivered via a 50-ml bolus injection directly into the reservoir with a 25-gauge needle, and images were acquired once the microbubbles reached the field of view of the imaging transducer. Ultrasound coupling gel (Parker Laboratories) was used for acoustic coupling of the ultrasound transducer and the tissue sample during the imaging. A 21-MHz ultrasound transducer (MS250, VisualSonics Inc.) was used for this study, and images were acquired for 2 syringe pump settings: 0.05 and 0.1 ml/min.
syringe pump Flow calibration
For low flow rates, flow output of the syringe infusion pump depends on the height of the pump relative to the outlet. To determine the actual flow rates in our experimental setup, the syringe pump was run using a waterfilled syringe (Fig. 1) , and the catheter was positioned such that the tip dripped into a vial positioned on a microbalance (Mettler Toledo, LLC). The weight change due to water in the vial was used to determine the actual volume of water dispensed by the syringe pump after 15 minutes. The mean of 10 measurements at each flow rate was used to determine the actual flow rates. These true flow rates were used to determine the accuracy of the flow rates measured using contrast-enhanced ultrasound. The results of the calibration are shown in Table 1 .
imaging system
Images of the shunt catheter were acquired with a Vevo 2100 ultrasound system. The system was equipped with both a 15-MHz linear array transducer and a 21-MHz linear array transducer. The 3D geometry of the transducer ultrasound beam is presented in Fig. 2 left, where 3 directions are shown: along the ultrasound beam (axial, z-axis), orthogonal to the ultrasound beam (lateral, x-axis), and out of the imaging plane (elevational, y-axis). Before acquisition of each image set, the pump was allowed to run for 5 seconds to ensure consistent flow.
To image the shunt catheter in a water container, a 15-MHz transducer was used with transmit power set to 5% to reduce acoustic force and to prevent the bubbles from being pushed to the bottom of the catheter. Ultrasound images were collected at 70 frames per second, with the center of the catheter positioned at a depth of 18 mm (the geometric focus of the 15-MHz transducer), and maximum imaging depth was set to 22 mm. The images were 17 mm wide in the lateral direction with 16 A-lines per millimeter. Five independent image sets were acquired for each of the 5 programmed flow rates. In the ex vivo experiment, a 21-MHz linear array transducer was used with transmit power set to 5%. Images were collected at 25 frames per second, with the center of the catheter positioned at a depth of 15 mm (the geometric focus of the 21-MHz transducer) and maximum imaging depth set to 
Speckle-Tracking Method Based on Cross-Correlation for Velocity Measurement
A speckle-tracking algorithm based on a phase-sensitive cross-correlation method was used in our studies. 18 To compute the displacement images, a Hamming-weighted 0.81 × 0.17 mm (lateral by axial) kernel was used for the 15-MHz images, and a 1.13 × 0.16 mm kernel was used for the 21-MHz images. The search area was limited to 3 times the expected maximum pixel displacement for a particular flow rate. 18 The correlation was performed on 31 consecutive frames spanning 0.42 seconds for the catheter in water study and 1.2 seconds for the ex vivo study. To improve the quality of the lateral velocity measurements, the autocorrelation compensation method was used, in which the displacement result of the autocorrelation of the first image was subtracted from the displacement result of the cross-correlation of the first and second images. 15 This approach, described in detail elsewhere, 15 demonstrated significant noise reduction and improvement of the motion estimation in the lateral direction.
Flow Correction Factor
Due to the finite focal width of the ultrasound imaging plane in the elevational direction (Fig. 2) and the small diameter of the catheter, the velocity of the speckle motion in an ultrasound image is actually the mean velocity of all of the bubbles within the catheter. To take into account this systematic error, we introduce a correction factor based on the ultrasound beam size in the elevational direction and the inner diameter of the catheter. The 15-MHz and 21-MHz transducers have a beam thickness of 0.770 and 0.765 mm at their respective geometric foci, distances spanning more than half of the inner diameter of the catheter (1.2 mm). To determine the velocity profile, a simple model of the beam profile was implemented together with an assumption of laminar flow. The velocities within the catheter were averaged across the beam width, as shown in Fig. 2 . The expected flow rate for an input flow rate was then calculated as the integral of the expected velocity profile over the cross-sectional area of the catheter. The input flow rate was divided by the expected flow rate to obtain a correction factor that we used to adjust our measured flow rates. For the 15-MHz transducer, this correction factor was estimated as 1.44 at the geometric focus of the transducer. For the 21-MHz transducer used in the ex vivo experiment, the correction factor was 1.49 at the geometric focus.
analysis
Results of the cross-correlation speckle-tracking algorithm were visualized using Matlab (MathWorks, Inc.). The total displacement over 30 correlation frames was calculated as the pixel-wise sum of the displacement vectors frame to frame and was used to create a velocity map. A region of interest was selected by identifying the inner walls of the catheter on the ultrasound images and was applied, as a mask, to the velocity map. Velocity profiles were evaluated by calculating the mean velocity along each lateral line of the masked velocity map. Standard deviations were calculated for all the velocities at each vertical position within the catheter. Profiles from each of the independent image sets were averaged to obtain a mean velocity profile for each flow rate. Standard deviations of the mean velocity at each vertical position for all the image sets were also calculated. The flow rate in the catheter was calculated from the velocity profile, and the results were compared with the flow rates obtained in the calibration experiment.
results
As can be seen in the velocity maps shown in Fig. 3 , the speckle-tracking method was able to differentiate between high and low flow rates within the expected physiological range. At high flow rates, the flow is laminar. At lower flow rates such as 0.006 and 0.014 ml/min, there is lower flow in the upper portion of the catheter and higher flow in the lower portion, probably due to a combination of bubble buoyancy and bubble adhesion to the wall of the catheter. It is important to note that this method is able to detect lateral motion, a limitation of Doppler ultrasound. In patients, catheters will follow a less direct and predictable path; thus, sensitivity to both axial and lateral motion is important.
The 5 experimental flow rates can be easily differentiated from one another based on the velocity profiles as shown in Fig. 4 . Additionally, the velocity measurements at each flow rate do not vary significantly, indicating consistency in our method. The measured velocity profiles show a slight broadening and smaller peak velocity compared with the expected profiles. This could be attributed to a number of factors including a slight change in fluid viscosity with the addition of the bubbles or error due to the catheter having a slight curve out of plane, which was not taken into account when averaging the displacement values over the length of the catheter.
Final measured flow rates were compared with the actual flow rates and are shown in Fig. 5 . Measured flow rates were adjusted by a correction factor of 1.44 for the 15-MHz transducer and 1.49 for the 21-MHz transducer.
Flow rate measurement in an ex vivo tissue sample produced results consistent with the previous studies (Fig. 6) . At 0.09 ml/min, the measured flow rate was 0.098 ml/min, and at 0.043 ml/min, the flow rate was 0.04 ml/min. These values fall within the expected range of error shown in Fig. 5 .
Discussion
Shunt systems have been the standard of treatment for hydrocephalus for several decades, but they are still exceedingly prone to malfunction. Blockage, breakage, infection, migration, over-drainage, and infiltration by tissue are all common problems with shunt systems, most of which are not easy to diagnose with certainty. There have been several proposed devices and methods for detecting flow in a shunt system, but none have been sensitive enough to quantify flow while remaining cost-effective and safe for infants and children.
A standard ventricular shunt tap may give an initial indication of the type of malfunction such as whether the proximal catheter is obstructed; however, the literature suggests that the shunt tap may be misleading in cases where there is good flow upon tapping of the shunt. This method is also not quantitative. Although the opening pressure could be estimated by the height of a column of CSF, this would not be as sensitive as the method proposed here. 6, 21 MR phase imaging is typically sensitive to flow rates of 0.03 ml/min and higher, 2, 5 and in some cases has shown sensitivity to flow rates as low as 0.013 ml/min. 8 Though MRI shows sensitivity to fairly low flow rates, it requires that the patient remain still for the entire imaging session, which can be difficult for young children. Additionally, it can be expensive and is not widely available outside of hospitals. MRI is very useful as a whole-body imaging method for identifying breaks, blockages, and other mechanical defects within the entire shunt system, and ultrasound imaging could be used to determine if there is a further need for MRI.
The ShuntCheck device, another method for measuring flow in a shunt, is extremely simple, employing thermal convection to determine if there is flow or no flow in a portion of the shunt catheter. While it has demonstrated some specificity, a binary flow or no flow determination, it is not sensitive to flow rates below 0.08 ml/min, 4 and it is not inherently quantitative as it relies simply on the speed of temperature change, which could be affected by external factors. 8 Doppler ultrasound has also been previously proposed for shunt flow detection. CSF is acoustically transparent since it has no intrinsic reflector, but one study found that debris in the CSF was enough to produce a satisfactory Doppler signal and flow rates between 2.3 and 4.6 ml/min were detected. 22 The authors also found that in CSF with no source of contrast, turbulent flow at junction points in the shunt system could sometimes produce bubbles for contrast. In several cases, it could not be determined if a lack of flow was indicative of malfunction or if there was simply no contrast in the CSF. This method is also not sensitive to low flow rates that could occur in a functioning shunt. Another group of researchers employed Doppler for flow detection and introduced contrast by the acoustic generation of microbubbles within a shunt catheter, eliminating the need for intrinsic contrast and making the method noninvasive. 17 However, Doppler ultrasound is angle-dependent, and thus requires knowledge of the 3D shape of the shunt catheter. The authors showed an overestimation at lower velocities (on the order of the higher velocities demonstrated here) and explained that the overestimation is due to buoyancy. 17 The speed of the bubble upwards adds additional motion toward the transducer in the axial direction, resulting in an overestimation of the peak and mean velocities. Additionally, Doppler ultrasound still requires a fairly high flow rate of 0.03 ml/min for flow detection, like MRI.
17
Our results indicate a higher sensitivity than reported by others, 17 who were able to demonstrate detection as low as 0.05 ml/min. As shown in Fig. 5 , our results show a very slight underestimation at lower flow rates (0.006 and 0.014 ml/min) and good agreement at the higher flow rates (0.043 and 0.09 ml/min). Our method does not suffer from the same directional error as Doppler, where microbubble buoyancy adds velocity in the axial direction and contributes to overestimation at low flow rates, because we employ information in 2 dimensions. Our underestimation could be a result of adhesion of the bubbles to the catheter in combination with buoyancy forcing bubbles into the upper portion of the catheter. This can be seen in the velocity profiles at 0.006 and 0.014 ml/min. The profiles for these flow rates are not symmetric parabolas. The left side (upper portion of the catheter) is significantly smaller and flatter than the right side (lower portion of the catheter). This error could be minimized by increasing the transmission power, to further counteract the buoyancy of the bubbles at lower flow rates, or by reducing the bubble concentration.
In our method, the elevational beam width of the transducer and the inner diameter of the catheter need to be taken into account to determine an accurate expected velocity profile and flow rate. Since the beam profile changes with depth, a better model for when the beam is wider than the transducer would need to be developed for imaging outside of the geometric focus of the transducer. Once these factors are accounted for, our method shows strong agreement with the true flow rate. This strong agreement coupled with the use of only 30 frames, or 0.42 seconds of data, for the 15-MHz transducer also indicates that this would be a very robust and rapid method for flow measurement.
In the future, this method will be developed further such that kernel size and search area can be selected automatically based on initial measurements, and the operator would simply select a region of interest to be used for flow rate calculation. The lowest detectable flow rate using contrast-enhanced ultrasound-0.006 ml/min in our studiesis mainly defined by the characteristics of the ultrasound system. It may be possible to increase sensitivity to lower flow rates by modifying properties of the ultrasound system or the correlation parameters used in flow rate measurement. The sensitivity necessary for differentiating between a functioning and malfunctioning shunt should be determined in future clinical studies. Finally, rather than injecting bubbles directly into the shunt system, microbubbles could be generated externally through cold cavitation, although the safety and consistency of this method would need to be explored further. 16, 17 The proposed method permits not only detection of flow but also provides quantitative information about flow rate that could aid in singular and longitudinal studies of 
Conclusions
We have demonstrated the validity and feasibility of our proposed method to measure CSF flow in shunts using contrast-enhanced ultrasound and a cross-correlationbased speckle-tracking algorithm. The method is able to differentiate between no flow and flow rates between 0.006 ml/min and 0.090 ml/min, which are within the physiological range of CSF flow in shunts. The results also agree reasonably well with the expected flow rates based on the experimental setup. In our studies, we used a commercially available ultrasound system. This method could easily be translated to a clinical ultrasound system and setting, potentially reducing the need for ionizing radiation-based imaging methods, while also allowing for convenient imaging and measurement of CSF flow using a portable imaging system. It could also be used in the emergency room to quickly evaluate the need for further evaluation of the shunt system using MRI. Finally, measurement of CSF flow in a patient over time could provide valuable information about CSF flow dynamics in hydrocephalus patients with implanted shunts.
